Stagonospora nodorum is a major necrotrophic pathogen of wheat that causes the diseases S. nodorum leaf and glume blotch. A series of tools and resources, including functional genomics, a genome sequence, proteomics and metabolomics, host-mapping populations, and a worldwide collection of isolates, have enabled the dissection of pathogenicity mechanisms. Metabolic and signaling genes required for pathogenicity have been defined. Interaction with the host is dominated by interplay of fungal effectors that induce necrosis on wheat lines carrying specific sensitivity loci. As such, the pathogen has emerged as a model for the Pleosporales group of pathogens. 
INTRODUCTION
Model species have played revolutionary roles in the development of major biological concepts. Species were initially chosen for speed of reproduction, stability of phenotype, and ease of cultivation. Once communities of researchers adopt a model species, the shared (mostly genetic) resources further hasten progress, attracting more effort to the models. In the case of plant pathology, two speciesboth host and microbe-should possess a model's resources. The research community has focused on the models provided by tractable bacterial pathogens and Arabidopsis, and this has enabled rapid advances that have proven to be broadly applicable, leading to the current consensus on the molecular basis of biotrophic (viral, bacterial, fungal, and nematodal)/host interactions (19, 49) .
The standard definition of necrotrophic pathogens is that they derive their energy from dead host cells (54, 75) in contrast to biotrophs that derive energy from living cells. This definition hides obvious differences in pathogenic strategy between fungal pathogens such as Magnaporthe grisea, Botrytis cinerea, Fusarium graminearum, and Mycosphaerella graminicola. These pathogens, all of which can be described as necrotrophs (75) , significantly differ in pathogenic properties. B. cinerea rapidly invades and kills host cells, whereas the other species exhibit extended asymptomatic (and arguably biotrophic) phases followed by a switch to host-cell killing. Host-cell death is generally attributed to a cocktail of nonspecific toxins and cell wall-degrading enzymes produced during infectious growth. As a result, no consensus on the nature of necrotrophy has emerged.
Stagonospora nodorum is a major pathogen of wheat that has emerged as a model for a specific class of necrotrophic pathogens, the Pleosporales. A combination of resourcesmethods for functional gene characterization, a propensity to secrete specificity factors into culture filtrates, a worldwide collection of isolates, genetically characterized host-mapping populations, and the genome sequence-has allowed us to construct a working model of pathogenic evolution based on necrotrophic effectors. This model is being successfully adopted by breeders to advance more resistant cultivars. Furthermore, the model provides a framework for the study of other Pleosporales. The studies highlight several important features of chromosomal evolution and paint a picture of genomic flexibility. The purpose of this review is to highlight developments, mainly since 2003, that underpin this novel consensus.
TAXONOMY, INCIDENCE, AND IMPORTANCE
S. (syn. Phaeosphaeria, Septoria, Leptosphaeria) nodorum, cause of wheat S. nodorum leaf and glume blotch, has been reviewed most recently in 2006 (93, 104) . It falls within the class Pleosporales in the order Dothideomycetes (88) , a newly recognized taxon that broadly replaced the Loculoascomycetes. Dothideomycetes contains many important phytopathogenic genera, including Pyrenophora, Alternaria, Cochliobolus, Leptosphaeria, and Corynespora within the Pleosporales, as well as Venturia, Passalora (Cladosporium), and Mycosphaerella. The evolutionary distances between these groups and other filamentous fungi are very large. The last common ancestor is dated at 400 mya, much older than their angiosperm hosts (45) , which diverged approximately 80 mya.
S. nodorum is taxonomically distant from M. graminicola (syn. Septoria tritici; Zymoseptoria tritici ) (cause of Septoria leaf blotch) but closer to Pyrenophora tritici-repentis (cause of tan spot). These pathogens (and others) have similar symptoms and frequently coinfect wheat. It is easy to misidentify lesions, although spore morphology and DNA-based tests can be used for diagnosis (77) .
S. nodorum blotch (SNB) is a major disease of durum and common wheat in many parts of the world. In Australia, it is largely restricted to western Australia, where it reportedly causes damage costing an average of >$100 million per annum (approximately 5% of total yield), making it second only to tan spot in cost of damage (73) . It is unclear why the disease is scarcely seen in eastern Australia, where conditions would appear to be broadly similar. Western Australia's wheat belt has more consistent rainfall than eastern Australia, which suffered a run of drought years during the survey period of [2000] [2001] [2002] [2003] [2004] [2005] [2006] [2007] [2008] . S. nodorum is considered one of the most damaging pathogens in North America (26) and is reported in South America, South Asia, and North Africa.
In Europe, the most complete data set showing prevalence of the disease originates from Rothamsted. The Broadbalk collection of wheat samples from Rothamsted Research Station has been used to estimate the incidence of S. nodorum from 1844 to 2003 (11, 90) . S. nodorum was the predominant disease until approximately 1970, when it was overtaken by M. graminicola, a trend confirmed more broadly in Europe. The reasons for the decline of S. nodorum are obscure. Bearchell et al. (11) point to a correlation with declining sulfur pollution levels. However, no functional link has been made, and sulfur pollution levels are very low in the western Australian S. nodorum hot spot. The partial replacement of S. nodorum by M. graminicola is likely due to a combination of factors, including fungicide use and the introduction of cultivars susceptible to Septoria leaf blotch caused by M. graminicola (7) .
Systematic surveys of disease incidence are lacking in nearly all parts of the world. We must rely on essentially anecdotal reports. Despite these limitations, it is clear that S. nodorum remains regularly detected in nearly all wheat-growing areas and is one of the top three pathogens when quantified by economic loss.
GENOMICS
The genome of S. nodorum was sequenced in 2005 and published in 2007 (41) . It is no exaggeration that this development had a revolutionary impact on our understanding of this pathogen. Before 2007, only limited genomic information was available. A handful of genes had been characterized, and some data on repetitive elements were available (50, 51, 69, 70) . A small collection (∼1,000) of expressed sequence tags (ESTs) were in use (92, 95, 99, 100) . Pulsed-field gel electrophoresis had suggested the genome consisted of 14-19 chromosomes (25). Conventional genetic analysis had been achieved but could not be reproduced in other laboratories (63) .
The first fungal genomes to be sequenced were the intensively studied model species, such as the yeasts Saccharomyces, Candida, and Schizosaccharomyces and the filamentous Aspergillus nidulans and Neurospora crassa. Among pathogens, sequences were published only for Magnaporthe grisea and Ustilago maydis (45) . Genome sequencing was restricted to organisms supported by large scientific communities. These communities not only were needed to raise the substantial funds required but also were thought necessary to analyze the data. The Australian Grains Research and Development Corporation, a levy-funded and largely farmercontrolled organization, agreed to fund the sequencing of the S. nodorum genome in 2004. The Australian Centre for Necrotrophic Fungal Pathogens (ACNFP) organized the process and commissioned the Broad Institute to carry out the sequencing and some preliminary bioinformatic analyses. The S. nodorum genome was the first Dothideomycete genome to be published (although the community was well aware of commercial projects) and remained so until 2010 (28). The analysis was undertaken by just two labs, one for the nuclear and one for the mitochondrial genome, with taxonomic input from a third. One could say that never in the field of genomics was so much sequenced by so few to such effect.
The genome sequence was obtained by a 10x Sanger process using 1-, 4-, and 40-kb plasmid libraries of the Australian isolate SN15. The initial assembly identified 109 scaffolds, of which two proved to be the mitochondrial genome. The 107 nuclear scaffolds added up to 37.21 Mbp. Bioinformatic analysis of the assembly was hampered by the lack of closely related comparator data. An unexpectedly high total of 16,597 genes was predicted and released www.annualreviews.org • Stagonospora nodorumon the Broad Institute Web site (http://www. broadinstitute.org/annotation/genome/ stagonospora_nodorum/MultiHome.html). This number was substantially higher than typically found in the other filamentous fungi. A larger EST data set was created and used to refine the gene predictions. The 2007 genome paper (41) listed 10,792 genes supported by the EST data set and a more stringent gene-prediction software. Since then, extensive proteomic, transcriptomic, homology, and resequencing data have been used to refine the gene set to a current estimate of 12,382 nuclear genes (16, 45, 47, 113, 114) . The current gene list can be obtained from the ACNFP (http://acnfp.curtin.edu.au/research/).
The initial set of gene models was used to create a custom microarray that was probed with transcripts from the fungus grown vegetatively and during sporulation in vitro and in planta (47) . Positive signals of expression were obtained for 12,281 gene models, which provided strong evidence of the genes' validity. Numerous genes were differentially expressed, which was particularly apparent among genes expressed during infection. A disproportionate number of these genes (approximately 60% compared with approximately 30% for the genome as a whole) had no meaningful homologs in databases and proved to be a source of candidates for effector genes.
Considerable effort has also gone into studying the proteome of S. nodorum. Both gel-and non-gel-based proteomics techniques have been established and exploited, including relative quantitative proteomics using iTRAQ (isobaric tag for relative and absolute quantification) (16, 17, 113, 115) . The resulting peptide data have been used to refine the gene annotation (16) . The identified peptides validated 2,134 gene models, of which 62% had no prior experimental support. A comparison of the peptide data to the six-frame translation of the genome sequence resulted in many gene models being revised or newly identified. These included 144 genes with exon frameshifts, 604 genes with extended exons, and 3 entirely new genes. This approach, termed proteogenomics, also resulted in the identification of 44 potential new genes residing within unassembled regions of the genome.
The application of metabolomic techniques to S. nodorum has revealed multiple aspects of its interaction with wheat. Metabolomics is the term used to describe the nontargeted identification and quantification of the metabolome. Three different metabolomics platforms, gas chromatography-mass spectrometry (GC-MS), liquid chromatographymass spectrometry (LC-MS), and nuclear magnetic resonance (NMR) spectroscopy, have been used to characterize S. nodorum and wheat (48, 60, 61, 94, 98, 116) . These techniques are complementary and have proven to be powerful tools in dissecting the infection of wheat by S. nodorum and also the phenotype of some significant S. nodorum mutants, particularly those involved in primary metabolism and signal transduction, as discussed below.
COMPARATIVE GENOMICS: MESOSYNTENY
Comparisons of genome sequences of animals and plants have shown that species from within families generally share contiguous stretches of genes that are orthologous and colinear. Also, entire chromosomes in the different species are broadly colinear, albeit with some gaps and rearrangements. The former phenomenon has become known as microsynteny and the latter as macrosynteny (see 44 for references and for a discussion of synteny terminology). The filamentous fungi are an ancient and diverse group of species, with germ-line life cycles measured in days or weeks. This contrasts with plants and animals, where germ-line life cycles are measured in months, years, or even decades. Hence, it was not surprising when comparisons of fungal genomes completed before 2007 failed to find extensive evidence of either macro-or microsynteny. Even species from within a genus often lacked significant synteny.
Comparison of the synteny relationships of S. nodorum with other Dothideomycetes revealed a striking pattern of chromosomal evolution that has been named mesosynteny. Whole-genome dot plots revealed that each chromosome (or scaffolds in the case of uncompleted genomes) contains genes that are predominantly located on just one chromosome in another species. However, unlike animals and plants, where genes are broadly in the same order and orientation, in the Dothideomycetes the order and orientation is extensively shuffled. Comparison of genomes in different filamentous fungal classes showed a weaker pattern that was better defined as degraded mesosynteny than as macrosynteny. No syntenic pattern was observed in comparison with yeasts.
A convincing explanation for mesosynteny has yet to emerge. The observation implies that interchromosomal rearrangements are rare but that intrachromosomal inversions are common on an evolutionary timescale. Possible explanations have focused on two phenomena associated particularly with filamentous ascomycetes: repeat-induced point mutations (RIP) and horizontal gene transfer.
REPEAT-INDUCED POINT MUTATION
RIP is described as a genome defense mechanism whereby duplicated sequences are mutated during meiosis (89) . Although direct evidence of RIP is restricted to a handful of species, bioinformatic evidence suggests that it is ubiquitous in filamentous ascomycetes and rare or absent in other fungi (23). Bioinformatic analysis depends on the observation that the mutations are nonrandom. S. nodorum RIP appears to follow the pattern established in N. crassa whereby CpA dinucleotides are mutated to TpA (42, 43) . Using an alignment approach, the repetitive fraction of the S. nodorum genome could be shown to be replete with evidence of RIP. Approximately 6% of the genome is repetitive and comprises 25 families of repeats (42, 43) . Many of these families, including the rDNA repeat, show evidence of RIP. As expected, many of the repeat families appear to be relics of various types of transposons, although none appear to be intact in the SN15 genome assembly. Several studies indicate that the repetitive-element content of different S. nodorum strains is highly variable (18, 25, 50, 69, 70, 108 ). An unpublished study used a transposon trapping technique to identify three transposons in a U.K. isolate (81) . Relics of these transposons could be found in the SN15 genome, indicating that RIP has successfully disabled these elements.
Because RIP involves systematic conversion of CpA dinucleotides into TpA, predicting the sequence prior to RIP is possible (43) . An algorithm to achieve this was used to predict the function of the repetitive elements in SN15. Five new classes of transposons and four gene repeats were discovered using this process. RIP has been linked to the evolution of effector genes in Leptosphaeria maculans (39, 84, 121), but there is no compelling evidence that effector genes in S. nodorum have been mutated by a RIP-like process.
The role of RIP in maintaining mesosyntenic relationships is one of guilt by association; both phenomena-RIP and horizontal gene transfer-are hallmarks of filamentous ascomycetes. We can speculate that by destroying regions of homology between chromosomes, RIP reduces the frequency of translocations. However, it is not clear why this should not also apply to inversions.
HORIZONTAL GENE TRANSFER
The growing catalog of sequenced fungal genomes has provided convincing evidence that a large proportion of the genes has been acquired from other species at some timeranging from decades to hundreds of millions of years ago (83, 87, 123) . Approximately 20% of genes in S. nodorum have no obvious homologs in closely related species; this can be regarded as preliminary evidence that they have been horizontally acquired. In several cases, specific pathogenicity determinants appear to have been horizontally acquired (3, 37, 80) . Indeed, the emergence of tan spot as a new disease of wheat in the twentieth century has been convincingly linked to the horizontal transfer of
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ToxA from S. nodorum to P. tritici-repentis (37). Furthermore, ToxA was likely acquired horizontally by S. nodorum in the past 300 years (111) . Horizontal gene transfer can therefore be seen not as a rare and ancient event but as a regular mechanism to acquire new genes. It can also be seen as a way for genes to acquire new genomic hosts.
Again, the link to mesosynteny is one of guilt by association. The suggestion is that fungi frequently form anastomotic connections, allowing the transfer of genes between nuclei. If the process involved the creation of a dikaryon followed by chromosome loss, the chromosome containing the relevant new gene could be retained in place of its homolog without loss of essential functions.
POPULATION GENETICS AND BIOGEOGRAPHY
S. nodorum is a pathogen of wheat both in Mediterranean climates, in which short-season cultivars are grown and are characterized by long, hot summers, and in temperate regions, in which long-season, spring-sown, and autumnsown cultivars are grown. Survival of inocula on stubble is an essential feature for pathogenicity in Mediterranean climates, and this is linked to ascospore infection (13) (Figure 1 ). Asexual spores are adequate for seed-borne and foliar inocula. S. nodorum is a heterothallic species. The ratios of the different mating types have been studied in populations from all over the world and were found not to differ significantly from the expected 1:1 (12, 15, 72, 96, 107) . This indicates that sexual reproduction is frequent under all conditions.
The biogeography of S. nodorum has been studied using the mitochondrial genome and nuclear simple sequence repeats and a worldwide collection of populations (105, 106, (108) (109) (110) (111) . The center of diversity was the Fertile Crescent. Patterns of variation were highest in populations from Asia and Europe and lowest in Australia, consistent with the pathogen having been spread along with the cultivation of wheat. Overall, there were low levels of differentiation between continents, suggesting rather large populations were spread to each continent. The low level of variation in Australia suggests that quarantine methods and the physical separation have combined to prevent significant recent immigration.
FUNCTIONAL GENOMICS TOOLS
Polyethylene glycol-mediated transformation techniques were developed for S. nodorum in the late 1980s (24). Homologous recombination rates of 1% to 5% were typically achieved so that most genes selected for targeted disruption could be inactivated (92, 93, 95, 100) . Within the past 5-6 years, the transformation of knockout constructs created by polymerase chain reaction (PCR) as well as by split-marker constructs with homologous ends dramatically increased the rate of homologous recombination from 30% to 100% (97) . The genome sequence enabled the design of primers to detect gene ablation events. Recently, Feng et al. (33) developed a KU70 disruption strain of S. nodorum. The Ku70 protein, involved in the nonhomologous end-joining double-strand DNA break pathway, was identified and deleted. The inactivation of the KU70 gene in many fungi has resulted in a significant improvement in homologous recombination rates. The resulting S. nodorum strain showed no apparent phenotypic differences compared with the wild type and resulted in a significant increase in the rate of homologous recombination.
PATHOGEN PRIMARY METABOLISM PLAYS AN IMPORTANT ROLE DURING INFECTION
A series of mutants has been created over the past 10 years that have highlighted metabolic pathways of S. nodorum required during the infection of wheat; the role of these genes in the life cycle is illustrated in Figure 1 
Figure 1
The sexual and asexual life cycle of Stagonospora nodorum annotated with genes required at different stages.
of an exogenously supplied carbon source (92) . Malate synthase is an enzyme in the glyoxylate cycle that catalyzes the condensation of glyoxylate and acetyl CoA to form malate. The acetyl CoA is generated through the breakdown of internal triacylglycerol stores, and the only way to synthesize sugars from this carbon is through the synthesis of oxaloacetate in the glyoxylate cycle. The inability of the mls1 strains to germinate strongly suggests that internal lipid stores supply the carbon for germination. Similar studies in other pathogens have shown contrasting results. The disruption of isocitrate lyase in the related Dothideomycete L. maculans showed a similar phenotype (46) . However, comparable studies in the rice blast pathogen Magnaporthe oryzae have suggested that glycogen is the internal store of carbon for germination (117) , implying that different pathogens have evolved independent metabolic requirements to suit their pathogenic life cycle.
δ-aminolevulinic acid (ALA) is a key intermediate in the synthesis of porphyrins. Strains lacking ALA synthase were able to germinate on the leaf surface and in vitro but unable to progress any further (91) . Supplementation of the infection with exogenous ALA partially restored pathogenicity, as did infection through www.annualreviews.org • Stagonospora nodorum 29 wounded tissue, suggesting that the pathogen can utilize a host-derived source of ALA during infection. The transcriptomic and metabolomic data sets were cross referenced in both in planta and in vitro samples (47) . One unfamiliar metabolite, β-alanine, was found abundantly and focused attention on the pantothenate pathway. Pantoate-β-alanine ligase, encoded by Pbl1, is the first committed enzyme in the biosynthesis of CoA, an essential cofactor in central metabolism. As expected, ablation of the gene rendered the strain auxotrophic for pantothenate, but it was entirely unexpected that this strain would have unaltered pathogenicity on wheat. These findings imply that the fungus can obtain CoA (or a precursor after pantothenate) from the host. The apparent ability of S. nodorum to take up complex molecules like ALA and CoA may open up new avenues of disease control.
S. nodorum is a polycyclic pathogen and requires multiple rounds of asexual sporulation to cause major yield losses. Consequently, considerable effort has been devoted to understanding how S. nodorum completes it pathogenic life cycle. One such study revealed that levels of mannitol significantly increased at the onset of pycnidial maturation. A series of mutants were created lacking mannitol dehydrogenase (Mdh1) and/or mannitol 1-phosphate dehydrogenase (Mpd1) (98, 101, 102) . These studies showed that the ability to synthesize mannitol is critical for the pathogen to sporulate. Although the exact role of mannitol during asexual sporulation is yet to be determined, phenotypic assays showed that mannitol appears to have no role in combating oxidative or osmotic stress. A similar study found that trehalose also accumulated during sporulation. Mutants of Tps1, encoding trehalose 6-phosphate synthase, were unable to sporulate, indicating an essential role for trehalose metabolism (61). However, unlike M. oryzae, mutants in S. nodorum suffered no growth defect on nitrate, implying that Tps1 does not have the intricate NADPH-sensing role identified in the rice blast pathogen (125, 126) .
SIGNAL TRANSDUCTION AND GENE REGULATION
As with the dissection of primary metabolism, functional genomics has also highlighted the critical roles of S. nodorum signal transduction during its interaction with wheat. Strains of the pathogen harboring inactive copies of a MAP kinase (Mak2) and calcium/calmodulindependent protein kinases (Cpk1, Cpk2, and Cpk3) have shown that these pathways regulate a variety of cellular processes and phenotypes, including sporulation, pathogenicity, and protection against various stresses (97, 103) . These strains have provided a valuable tool in understanding pathogenicity. This was particularly so for the S. nodorum strain, gna1, which harbored a disrupted copy of the G-α subunit gene, Gna1 (99) . As with the other signaling mutants, the gna1 strain showed multiple abnormal phenotypes, including reduced pathogenicity, reduced secreted protease activity, and an inability to asexually sporulate. A comprehensive proteomics screen was undertaken to investigate these phenotypes further and also to determine the downstream targets of Gna1 signaling that played a role in these phenotypes (17, 113, 114) . Multiple proteins were identified that displayed either increased or decreased abundance in the absence of Gna1. One such protein was Sch1, an unidentified short-chain dehydrogenase, which was absent in the gna1 background. Subsequent analysis of S. nodorum strains lacking Sch1 showed that it was required for maturation of pycnidia during asexual sporulation (114) . Microscopic analysis showed that pycnidia began to differentiate in the sch1 strains but appeared to prematurely abort, leading to an undifferentiated wall structure and few viable pycnidiospores.
The characterization of the sch1 strains described above demonstrated a clear role for Sch1 in asexual sporulation, although its function remained unknown. As it was predicted to encode a short-chain dehydrogenase, a nontargeted GC-MS metabolomics screen was undertaken to determine if the function of Sch1 could be ascertained (116) . A comparison of the sch1 mutant and wild-type metabolomes revealed a massive increase in the abundance of a compound that eluted at 45.57 min. The compound was identified as the mycotoxin alternariol. This demonstrated for the first time that S. nodorum harbors the metabolic potential to synthesize a primary mycotoxin. This finding has raised questions regarding the safety of S. nodorum-contaminated grain, and studies are now under way to determine the relevance of this finding under field conditions.
The role of key transcription factors has also been assessed using a combination of techniques. StuA belongs to a class of transcription factors unique to the ascomycetes that regulate developmental differentiation. Disruption of StuA showed that the gene played a role in asexual sporulation and pathogenicity (48) . The stuA mutants had major primary metabolic perturbations. Nearly all sugars and sugar alcohols were much more abundant in the stuA mutants, whereas amino acids and other metabolite classes, such as polyamines, were downregulated. These data show that StuA plays a central role in primary metabolic regulation and, along with the identified role of mannitol in asexual sporulation, also provide further evidence for the critical role of primary metabolism in asexual sporulation.
FUNGICIDAL CONTROL
S. nodorum can be efficiently controlled by a wide range of fungicides in current use. Reports of fungicide resistance are rare, probably because of the low prevalence of the disease in Europe with its long history of intensive fungicide use. Fungicide use has significantly expanded in Australia and other lower yielding countries in the past decade, so we should remain vigilant (73) . Widespread resistance has been detected in Scandinavia to the QoI fungicide azoxystrobin and was associated with the G143A mutation found in the mitochondrial cytB gene (14) . These pathogens were susceptible to normal levels of triazole fungicides. Two copies of the triazole target gene cyp51, were found in the SN15 genome, although only one was expressed (47) .
HOST-SELECTIVE TOXINS TO NECROTROPHIC EFFECTORS: THE INVERSE GENE-FOR-GENE MODEL
Before the advent of molecular markers, dissecting SNB resistance was difficult because the trait was consistently observed to be quantitative and the underlying mechanism was not understood. Resistance proved to be polygenic, and improvements in resistance were based on pragmatic field screens. Molecular markers allowed new strategies for characterizing resistance to quantitative diseases. Markers could be used to detect quantitative trait loci (QTLs) associated with resistance, although the size of the wheat genome and the scarcity of markers hampered progress. QTLs for SNB resistance have been identified on almost every wheat chromosome (128) . In 2004, the first hostselective toxin (HST) interaction was identified in the SNB system (58, 59) , and this opened the possibility that disease resistance loci were determined by HST-host gene interactions that conferred susceptibility. A model has emerged whereby the pathogen produces (some of the) several necrotrophic effectors [formerly called host-specific or host-selective toxins named SnToxN, encoded by genes, SnToxN; now called necrotrophic effectors (NEs)], each of which interacts with a wheat susceptibility gene (named SnnN). Wheat cultivars differ in their complement of susceptibility genes. The severity of the disease is a function of the number and identity of matching effectors and susceptibility genes. This model can be regarded as an inverse gene-for-gene system (see Table 1 ).
SnTox1-Snn1
The SnTox1-Snn1 interaction was the first interaction to be characterized. SnTox1 was originally shown to be a secreted protein of 10-30 kDa (58) . Recently, the gene was cloned and the SnTox1 protein was found to be www.annualreviews.org • Stagonospora nodorum 
kDa (57)
. The SnTox1-Snn1 interaction accounts for as much as 58% of the disease variation (59). The Snn1 gene was mapped to the distal end of the short arm of wheat chromosome 1B (58) , where it was shown to lie within a gene-rich region that is poorly conserved in rice (82) . The locus was narrowed to a small chromosomal segment containing two members of the nucleotide binding site-leucine rich repeat (NBS-LRR) class of genes considered to be good candidates for Snn1. Also, tightly linked PCR-based markers suitable for marker-assisted selection against Snn1 have been developed ( Table 1) . SnTox1 was identified by scanning the genome sequence for genes with characteristics common to small, secreted effector-like proteins (57) . Genes from this list were expressed in a yeast expression system, and the expressed proteins were infiltrated into diagnostic wheat lines (57) . The protein produced by SNOG_20078 specifically induced necrosis on wheat lines harboring Snn1. Gene transformation into a strain lacking virulence on Snn1 wheats and gene knockouts verified that indeed SNOG_20078 was the SnTox1 gene. Transformation of an avirulent strain resulted in the ability to cause disease on Snn1 wheat, and the Snn1 gene was shown to be responsible for disease susceptibility. Also, reaction to necrosis induced by culture filtrates of these strains mapped to the Snn1 locus. Conversely, deletion of SNOG_20078 in virulent strains resulted in mutants that lost the Snn1 QTL as well as the secreted necrosis-inducing factor.
The SnTox1 gene was identified in approximately 85% of a worldwide collection of S. nodorum isolates. SnTox1 expression accelerated from 6 to 72 hours post inoculation (hpi) but increased dramatically from 24 to 72 hpi, which coincides with the early stages of infection and the appearance of necrosis (57) .
The mature protein is 100 amino acids following cleavage of a signal peptide. Remarkably, it contains 16 cysteine residues, all involved in disulfide bridges necessary for the activity/stability of the SnTox1 protein. The C terminus has similarity to plant-specific chitin-binding domains, indicating that SnTox1 may have multiple roles.
The mode of action of SnTox1 is still under study. SnTox1 and Snn1 are required for host cell penetration and cell death. Necrosis requires light, as has been found in other NE interactions (2, 35, 66) . However, when darkinoculated plants were put back into a normal light cycle, the pathogen was able to penetrate and cause disease, showing that light was necessary for penetration and continued proliferation of the pathogen.
The NEs produced by S. nodorum appear to subvert the normal resistance response to induce necrosis that is exploited by the pathogen. H 2 O 2 production after pathogen inoculation and SnTox1 infiltration has been observed using diaminobenzidine staining. Early and extensive staining was dependent on both SnTox1 and Snn1. Classical defense responses, including upregulation of PR-1-1, a thaumatin-like protein gene, and a chitinase were also observed during the infection process. Strong DNA laddering, a classical hallmark of apoptosis in plants and animals (27), was also observed in Snn1 lines as early as 10 h post infiltration, with SnTox1 having the strongest laddering at the 36-h point, indicating programmed cell death is involved early in the infection process.
SnToxA-Tsn1
ToxA was first identified and described in P. tritici-repentis (52, 53, 118) . ToxA is associated with pathogenicity (22, 119), and host sensitivity to the effector is associated with susceptibility to the fungus (36, 52, 53). The 13-kDa effector was successively purified by Ballance et al. (129) . The designation PtrToxA was adopted (21). PtrToxA is encoded by a single gene (9, 22 ) that encodes a 178-amino acid pre-proprotein with a signal sequence to target the protein for secretion and a prosequence for proper folding. Site-directed mutagenesis and peptide inhibition studies (64, 71) identified essential amino acids within potential casein kinase 2 phosphorylation sites www.annualreviews.org • Stagonospora nodorumand a vitronectin-like RGD (arginine-glycineaspartate) cell attachment motif. The threedimensional structure of ToxA revealed that the RGD motif is present in a solvent-exposed loop (85) .
ToxA is internalized, using the RGD motif, via the cytoplasm and the chloroplast, but only in sensitive (Tsn1) wheat genotypes (66, 67) . Biolistic bombardment with a green fluorescent protein-ToxA fusion protein showed that both sensitive and insensitive genotypes underwent cell death. This suggests that both genotypes harbor the intracellular machinery for cell death caused by ToxA, but the differences lie in the ability of the effector to be internalized. ToxA recognition in a sensitive wheat host likely results in the internalization of ToxA, possibly via receptor-mediated endocytosis.
Sensitivity to ToxA is dominantly inherited and dependent on Tsn1. Anderson et al. (5) screened wheat cytogenetic stocks to show that insensitivity to ToxA was not conferred by a gene product per se, but by the absence of a gene for sensitivity. Faris et al. (29) mapped the gene conferring sensitivity to ToxA to the long arm of chromosome 5B in wheat and designated it Tsn1. Saturation mapping of the locus and chromosome walking yielded information regarding the evolution of the Tsn1 genomic region and the development of new markers suitable for marker-assisted selection against Tsn1 (Table 1) (40, 62, 130) . The molecular cloning of Tsn1 revealed a 1,490-amino acid protein consisting of resistance gene-like serine/threonine protein kinase, nucleotide binding (NB), and leucine-rich repeat (LRR) domains, all of which are required for ToxA sensitivity (31). Among cultivated wheats, ToxA-sensitive genotypes carry the Tsn1 allele, whereas most ToxA-insensitive genotypes are nulls. Analysis of a large collection of cultivated and ancestral wheat accessions indicated that Tsn1 likely arose in the diploid B-genome progenitor of modern polyploid wheat through a gene-fusion event that brought the protein kinase and NBS-LRR domains together in the same open reading frame. Therefore, Tsn1 is unique to wheat, and full-length orthologs do not exist in other species.
Because Tsn1 does not encode an integrinlike protein or an extracellular receptor-like protein, and the Tsn1 protein does not interact directly with ToxA [at least not in yeast (31)], it is highly unlikely that the Tsn1 protein is the ToxA receptor. Tsn1 may act as a guard for a cellular membrane-spanning ToxA receptor and, upon recognition of ToxA binding, may initiate ToxA import through signaling that results in receptor endocytosis. ToxA may also enter the cell by other means before being recognized by Tsn1 through the formation of a protein complex involving other partners.
The discovery of the lateral transfer of ToxA from S. nodorum to P. tritici-repentis (37) was followed by characterization of the Tsn1-ToxA interaction in the wheat-S. nodorum system and comparison with the wheat-P. tritici-repentis system. The SnToxA gene from SN15 shares more than 99% identity with the PtrToxA gene at the nucleotide level. Only 36% of S. nodorum isolates carry ToxA genes, and different populations vary from 2% to 100% (111) . Genes for ToxA are highly polymorphic, in contrast to the monomorphism in P. tritici-repentis. Tsn1 governed sensitivity to SnToxA as well as Ptr ToxA (56) and accounts for as much as 95% of the variation in SNB in segregating wheat populations (20, 30, 32, 34, 35, 37, 56) . These studies included seedlings and adult plants, field and glasshouse studies, and durum as well as bread wheats.
Markers for Tsn1 have been available for use by breeders for more than a decade and used to identify lines resistant to both SNB and tan spot. More recently, breeders in Australia in particular have used the expressed ToxA protein to identify insensitive and hence resistant lines (6, 74, 76, 78, 124) . As the effectors can be used directly by breeders in glasshouse and field trials at any stage in the breeding process, they have been enthusiastically adopted.
There is considerable evidence suggesting that a compatible Tsn1-ToxA pathway leading to necrosis is associated with photosynthesis. Tsn1 expression is regulated by the circadian clock and light (31), and the Tsn1-ToxA interaction is light dependent (66) . ToxA is located within the chloroplast and has been reported to bind to plastocyanin (112) , a component of photosystem II, and a protein known as Tox-ABP1 (68) . The Tsn1-ToxA interaction results in photosystem perturbations (65, 122) leading to disruption of photosynthesis and cell death.
The ToxA system appears to have been acquired by both S. nodorum and P. tritici-repentis in historic times, within 300 and 80 years, respectively, and appears to operate identically in both pathogens. The ToxA-Tsn1 interaction has all the hallmarks of a specific effectorreceptor interaction; recognition leads to the elaboration of a defense response resulting in cell death. The pathogens subvert the defense response to promote disease development and sporulation.
SnTox2-Snn2
The third effector to be identified was SnTox2, another small secreted peptide (7-10 kDa), which is recognized by the dominant host gene Snn2 on wheat chromosome 2D (35). Molecular markers to identify the Snn2 genotype have been developed (130) . Use of a population segregated for sensitivity to SnTox2 (Snn2) and SnToxA (Tsn1) enabled the evaluation of the two interactions together. Independently, the SnToxA-Tsn1 interaction accounted for an average of 20% of the phenotypic variation, whereas the SnTox2-Snn2 interaction accounted for 49%. Most importantly, the SnToxA-Tsn1 and SnTox2-Snn2 interactions were highly additive, showing that multiple NE-host gene interactions generated more disease than a single interaction alone. The same population was used to evaluate the significance of the SnToxA-Tsn1 and SnTox2-Snn2 interactions in adult plant disease in the field. This population was evaluated at two locations over two years, and Tsn1 and Snn2 were both significantly associated with susceptibility to S. nodorum in the field. The SnToxA-Tsn1 and SnTox2-Snn2 interactions accounted for 18% and 15%, respectively, showing that NE interactions are important in both the seedling and the adult plant stages. This result indicates that the removal of NE sensitivity genes has the potential to reduce the buildup of disease early in the season (secondary cycles) as well as reduce yield and quality losses due to gain of leaf surface on the upper leaves during grain filling.
SnTox3-Snn3
The latest S. nodorum-wheat effector system to be identified involves the host gene Snn3, an NE sensitivity gene located on wheat chromosome arm 5BS, and the pathogen NE designated SnTox3. The SnTox3-Snn3 interaction accounted for a significant proportion of the disease phenotype in a wheat population segregating for sensitivity to SnTox3 (Snn3), SnToxA (Tsn1), and SnTox2 (Snn2) but only in isolates with a deleted SnToxA gene, showing that the SnToxA-Tsn1 interaction was epistatic to the SnTox3-Snn3 interaction. The SnTox2-Snn2 interaction was also epistatic to the SnTox3-Snn3 interaction, but the effects of the SnToxA-Tsn1 and SnTox2-Snn2 interactions were highly additive (38).
SnTox3 was identified by partial purification and proteomic comparison with the genome assembly (55) . SnTox3 is a 693-bp intron-free gene without obvious similarity to other known genes. SnTox3 encodes a 230-amino acid preproprotein consisting of a 20-amino acid signal sequence and a predicted prosequence of approximately 30 amino acids, resulting in a mature protein of ∼18 kDa. As is reported for many effectors, SnTox3 is cysteine rich with six cysteine residues, each being predicted to be involved in the formation of a disulfide bridge critical to the structure and function of the protein. Approximately 60% of a global collection of field isolates contained SnTox3, and the gene is somewhat variable, with 11 different nucleotide haplotypes resulting in four different amino acid sequences. Disruption of the SnTox3 gene resulted in the elimination of the QTL associated with the Snn3 locus; however, the other significant QTLs, including that associated with Snn2, remained, indicating that the SnTox3-Snn3 interaction is independent of other NE interactions. Transformation of the SnTox3 gene into an avirulent S. nodorum isolate also changed this nonpathogen into a pathogen on Snn3 wheat lines. Additionally, the SnTox3-transformed avirulent isolate was inoculated onto the population, segregating for SnTox3 sensitivity (Snn3), and the Snn3 locus was the only significant QTL detected. The prevalence and importance of ToxA and Tox3 has been compared in Australian wheat cultivars (124) . Insensitivity to Tox3 was much rarer than that to ToxA and was associated with a larger gain in disease resistance.
Recently, a second SnTox3 sensitivity was found in Aegilops tauschii (the D-genome progenitor of common wheat) and mapped to chromosome arm 5DS (131) . Genomic analysis revealed that this gene and Snn3 are homoeologous and derived from a common ancestor. The A. tauschii gene was designated Snn3-D1 and the wheat 5BS gene designated Snn3-B1. Snn3-D1 is present in numerous A. tauschii accessions but not in polyploid wheat, whereas Snn3-B1 is present in numerous tetraploid (durum) and hexaploid (common) wheat accessions and is derived from Aegilops speltoides (B-genome diploid progenitor). Snn3-B1 confers relatively weaker effects, leading to significantly less necrosis compared with a compatible Snn3-D1-SnTox3 interaction.
SnTox4-Snn4
A dominant NE sensitivity gene on the short arm of wheat chromosome 1A designated Snn4 recognizes the NE SnTox4 (2). The SnTox4-Snn4 interaction accounted for 41% and 24% of the disease variation in the wheat populations Arina × Forno (2) and Salamouni × Katepwa (1), respectively. The SnTox4-Snn4 interaction is also light dependent, similar to SnToxA-Tsn1, SnTox1-Snn1, and SnTox2-Snn2. SnTox4 is a small proteinaceous molecule estimated to be between 10 and 30 kDa, similar to other known necrotrophic effectors. As with the other reported NE sensitivity genes, molecular markers associated with Snn4 that are suitable for marker-assisted selection have been developed (1) ( Table 1) .
Recently, winter wheat varieties common in the southeastern United States were evaluated for reactions to the known NEs produced by S. nodorum as well as reactions to culture filtrates of isolates collected from the various southeastern regions (26). Several previously uncharacterized NEs and the corresponding host genes were identified. This result indicates that many as yet uncharacterized NE-host gene interactions are present and additional work is needed to evaluate these interactions.
The accumulation of knowledge of necrotrophic effector-host gene interactions has shown that the S. nodorum-wheat host pathogen system is largely based on necrotrophic effectors that interact with host gene products in a qualitative (gene-for-gene) fashion but contribute to disease in a quantitative way. This model explains the findings of early studies that showed a quantitative trait made up of many small-effect quantitative loci. Additionally, several reports of additivity are seen in the literature, and this can be explained by the additive nature of NE-host sensitivity gene interactions. In the report of each NE-host gene interaction, several additional QTLs were reported in which the underlying mechanism of resistance/susceptibility is not understood. It is likely that some of these QTLs are indeed as yet unidentified NE-host gene interactions. However, it is also likely that some of these QTLs are not NE-host gene interactions but involve other host mechanisms of resistance.
STAGONOSPORA NODORUM AS A MODEL FOR OTHER PLEOSPORALES
The elucidation of the necrotrophic effector model for the S. nodorum-wheat interaction has enabled the rationalization of the complex pattern of multiple, weak QTLs, region-to-region variations, and differences between seedling, adult leaf, and glume blotch disease. Furthermore, the use of markers linked to NE susceptibility loci or even the NEs themselves has been enthusiastically adopted by breeders.
To what extent does this model apply to other Pleosporales? This group is a rich source of the pathogens expressing what we used to call host-specific toxins. Among these are P. tritici-repentis, Cochliobolus heterostrophus, and Alternaria alternata (127) . Pathogenic variation in S. nodorum is based on the presence or absence of the known NE genes SnToxA, SnTox1, and SnTox3, which all encode small secreted peptides. P. tritici-repentis ToxA appears entirely analogous to the situation in S. nodorum. P. tritici-repentis also expresses ToxB, another small secreted protein. The ToxB gene is present in multiple copies, and virulence is quantitatively related to the number and expression level of these genes (4). Other partially characterized NEs from these species are low-molecular-weight compounds of diverse chemical structures. There is good evidence of proteinaceous secreted effectors in the barley net blotch pathogen Pyrenophora teres (86) , in the rubber tree pathogen Corynesopora cassiicola (10) , and in the Ascochyta/Didymella group of legume pathogens ( J. Lichtenzveig, F. Kessie, R.M. Shah, R.P. Oliver, unpublished results). A common feature of this group is that effectors can normally be recovered from culture filtrates. In stark contrast to the dominant NE model applicable to S. nodorum, the closely related canola pathogen L. maculans produces negatively active proteinaceous effectors (84, 121) .
All of these pathogens have caused recent devastating epidemics of crops, and all of the effector genes have characteristics consistent with having been acquired by horizontal gene transfer (79) . These data suggest that the Pleosporales are a rapidly evolving group, adapting to new crops and new agricultural practices. Their success may be related to a propensity to acquire genes by horizontal transfer that can subvert the host defense machinery to cause disease.
SUMMARY POINTS

S. nodorum is a model for necrotrophic Pleosporales pathogens.
2. Genetic resistance is quantitative and governed by multiple, mostly weak, QTLs.
3. Genome sequencing has permitted genetic dissection of pathogenicity genes and revealed the critical role of NEs.
4. Functional genomics has identified the role of signaling genes and key biochemical pathways in pathogenesis.
5. Three NEs have been fully characterized. All are small secreted proteins that induce necrosis in specific genotypes of wheat.
6. Global variation in populations of the pathogen is consistent with rapid gene flow over continental distances.
7. Genes for NEs are irregularly distributed in populations.
8. NEs are being used by breeders to produce resistant varieties of wheat.
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